Background There is no robust evidence of the best operative treatment for displaced unstable metacarpal neck fractures. Numerous constructs are used in the fixation of metacarpal neck fractures. Currently, two common methods are dorsal locking plate and K-wire fixation. A new metacarpal sled fixation system for metacarpal neck fracture was designed to provide fracture stability but limit dissection and avoid exposed hardware. The purpose of this study was to compare the biomechanical integrity of the metacarpal sled versus standard locking plate fixation and retrograde K-wire fixation in a simulated porcine metacarpal fracture model. Methods Transverse metacarpal neck fractures were created in 30 porcine second metacarpals. The specimens were randomly fixed with locking plates, metacarpal sleds, or retrograde K-wires. Constructs were then loaded to failure in threepoint bending. Stiffness and peak load were measured from the load-to-failure deflection curve. Data were analyzed via ANOVA, followed by Tukey-Kramer's post hoc pairwise comparison. Results The K-wire group had the highest initial stiffness followed by the sled group and then the plate group. Statistical difference was only found between K-wires and plate. Peak load for the K-wire group was lowest, followed by sled, and then by plate. A statistically significant difference was observed between the peak loads of the K-wires and plate, as well as the sled and plate. However, a difference in peak load was not detected between the K-wires and sled.
Introduction
Metacarpal neck fracture, especially of the small finger, is one of the most common injuries of the hand, accounting for 10-30 % of all hand fractures and 25-50 % of all metacarpal bone fractures [2, 13, 20] . Among punching-related ring and little finger metacarpal injuries, over 45 % were to the little finger metacarpal neck [22] . These volarly angulated fractures occur when a clenched metacarpophalangeal joint hits a solid object [25] . While many of these fractures can be managed nonoperatively, unacceptable palmar angulation, open fractures with associated soft tissue injury, and rotational deformity are indications for surgical intervention. The acceptable angulations of the metacarpal neck fractures differ depending on the digits. For the small finger, biomechanical studies have shown that fracture angles more than 30°showed decreased grip strength and efficiency of flexor digiti minimi [1, 3] . In clinical setting, considerable angulation of a small finger metacarpal neck fracture is acceptable without compromising hand function. Angulation of up to 70°can be well tolerated, although in certain patient populations who use their hands extensively for gripping, operative intervention is recommended when the flexion deformity is greater than 40° [25] .
The best operative treatment for displaced unstable metacarpal neck fractures is not clearly evident. Fixation methods described in the literature include retrograde K-wire pinning, intermetacarpal transverse K-wires, crossed K-wires, antegrade intramedullary nailing, and fixed angle or locked plating. Each construct has its own advantages and disadvantages. K-wire fixation is fast, respects the soft tissue envelope around the fracture, and is relatively easy. Drawbacks include wire migration, pin tract infection, and tethering of the sagittal bands of the extensor mechanism [5, 8, 24] . Locking plates provide rigid fixation, allowing early range of motion, but limitations include joint and tendon adherence, stiffness, and fibrosis due to the more extensile approach [11] . Multiple studies have shown decreased mean relative range of motion of metacarpophalangeal flexion compared to K-wires [8, 10, 28] . Prominent hardware is also another complication, which can necessitate hardware removal or even result in extensor tendon rupture [18, 24] .
Noting the advantages of K-wire fixation but desiring the lower profile construct of internal fixation, a fixation device for distal metacarpal fractures was designed to allow rapid implantation with minimal interference to overlying tendons and soft tissues. This new "sled system" is analogous to a tension band technique that is inserted using two 1-cm incisions so soft tissue dissection is limited. Additionally, the system is completely contained under the extensor mechanism, thus avoiding soft tissue tethering and the risk of pin track infections associated with percutaneous pinning. The goal of this study was to evaluate the biomechanical integrity of the metacarpal sled fixation by comparing it to retrograde intramedullary K-wire fixation and locked plating techniques in a simulated porcine metacarpal fracture model. All constructs were evaluated in bending to failure.
Material and Methods
Thirty fresh frozen second porcine metacarpals, ranging from 62 to 67 mm in length, were used due to their similarity to human metacarpals and to their relative homogeneity as described in previous studies [7, 16, 17] . Specimens were stored at −20°C and gently warmed to room temperature on the day of the testing. Approximately 12-16 mm of proximal segment of specimens were secured in a 2-in. diameter PVC tube filled with polymethyl methacrylate (PMMA). Under fluoroscopic guidance, the physis of each metacarpalwas identified and osteotomized using a 0.4-mm saw blade to simulate a neck fracture. This fracture distance ranged from 13 to 17 mm from distal articular surface.
Specimens were randomly assigned to three different fixation techniques performed by a single surgeon:
Group 1 Ten specimens were stabilized with two 1.1-mm (0.045 in.) diameter K-wires in intramedullary retrograde fashion while using manual axial compression (1.1-mm diameter×120-mm length, Medical Components Specialists, Bellingham, MA). The K-wires were inserted at the articular cartilage and metacarpal head junction to approximately 38 mm inside the metacarpal from the insertion sites to approximate the same length as the sleds. Wire ends were shortened after fixation to leave 15 mm of length protruding (Fig. 1a) . Group 2 Ten specimens were fixed using the T plate system with 2-mm diameter locking screws (TriMed, Santa Clarita, CA). The six-hole plates were cut to 38 mm in length to approximate the length of the sleds. The T plates were placed at the dorsum of the metacarpal with two bicortical proximal locking and two unicortical distal locking screws while using manual compression at the fracture site. The holes were predrilled with 1.7-mm drill (Fig. 1b) . Group 3 Ten specimens were fixed with the metacarpal sleds ( Tr i M e d , S a n t a C l a r i t a , C A ) . T h e s l e d intramedullary prongs measure 35 and 38 mm in length, and the extramedullary portion measures 4 mm in width. A 2.0-mm drill was used to create a guide hole at the similar location as the K-wire insertion site on the ulnar dorsal side of the metacarpal head. The sled prongs were then placed into the guide hole and tamped down the intramedullary canal of the metacarpal to compress the fracture. A 1.7-mm bicortical proximal screw was placed in the most proximal hole of the implant (Fig. 1c) .
The other proximal screw hole was not used as its' design intent is as a backup location in the event that sufficient screw purchase is not achieved at the most proximal location.
Specimens were then mounted on a model 1321 biaxial servohydraulic Instron material testing apparatus (Instron Corp., Canton, MA), retrofitted with MTS TestStarII digital controller (MTS Corp., Eden Prairie, MN). Using a custom drill fixture, a 3.2-mm diameter transverse pin was placed horizontally through the distal fragment at approximately 8 mm distal to the fracture and 5 mm volar to the center of the shaft (predrilled with 2.9-mm drill). A volar support was centered under each individual specimen (15 mm proximal from the fracture site) to simulate three-point bending. Two fixed 6.4-mm diameter rods (35 mm apart with one on each side and centered with distal fragment) were lowered to touch the 3.2-mm transverse pin (Fig. 1) . The constructs were loaded to failure by displacement at 100 mm/min of the two 6.4-mm rods touching the transverse pin. A load-deflection curve was generated, and initial stiffness was calculated using the slope of the linear region between 20 and 60 N of load. The peak load was identified to compare the ultimate strength of the constructs. Data from specimens were analyzed via an ANOVA with statistical significance set at a p value of ≤0.05, followed by Tukey-Kramer's post hoc pairwise comparisons (SAS Institute Inc., Cary, NC).
Results
For K-wire constructs, failures were characterized by sliding of the distal fragment down the K-wires. (Fig. 2a) . In three constructs, one of the two K-wires cut out of the distal fragment. K-wires remained fixed within the shaft during all trials. For locking plates, nine constructs failed through the distal fragment at the distal locking screws (Fig. 2b) . Some bending of the plate at the fracture site was observed in all of these constructs at failure. One construct failed by the distal plate bending and sliding down the side of the shaft. No loosening of the plate/screw interface was observed on the shaft of any of the constructs. Fracture of the shaft at the most proximal screw propagating down toward the volar support was observed in two of the specimens. This differed from the sled in which the sled rotated down the shaft around the proximal screw in nine out of ten constructs. Seven of ten sleds also cut out of the distal fragment. In six specimens, the intramedullary prongs of the sleds were bent at the fracture site. There was no loosening of the proximal screw for any of the sled constructs (Fig. 2c) .
The K-wires group had the highest initial stiffness (92.51± 31.0 N/mm), followed by the sled group (78.46±14.9 N/mm) and then the plate group (61.1±13.7 N/mm). A statistically significant difference was only found between K-wires and plates (p=0.0076). No statistical significance was observed between K-wires and sleds (p=0.32) or between sleds and plates (p=0.18) (Fig. 3) .
The retrograde K-wires peak load of 154.7±31.2 N was lowest, followed by the sleds group at 205.8±45.3 N, and then by the highest occurring with the plate group at 338.4±71.7 N (Fig. 4) . A statistically significant difference was observed between K-wire and plate (p<0.0001), as well as plate and sled (p<0.0001). However, a significant difference was not detected between K-wire and sled (p=0.0908) (Fig. 4) .
Discussion
This study sought to compare two common fixation methods for metacarpal neck fractures-retrograde intramedullary Kwire fixation and locking plate fixation-to a new sled system. K-wire fixation was found to be the most rigid construct followed by the sled then the locking plate while the locking plate provided the ultimate peak strength. The sled system is analogous to a tension band technique in that it incorporates two prongs inserted into the metacarpal that are connected in an inverted U-fashion on top of the periosteum of the metacarpal and secured with a screw for fixation proximally. The tension band construct has been used successfully in many types of fracture fixation including olecranon fracture, patella fracture, and medial malleolus fracture [6, 19, 23] . In this case, the metacarpal sled simulates a tension band construct where the outer portion of the plate is located on the tension side of the fracture so that normal flexion forces across the metacarpal compresses the fracture. Similar sled constructs have been commercially available for fixation of medial malleolus ankle fracture and olecranon fracture [6, 15] .
No biomechanical study has previously compared peak load and stiffness of K-wires to locking plate fixation in a metacarpal neck fracture model. Firoozbakhsh and colleagues compared various fixation techniques for metacarpal fractures including dorsal plating, crossed K-wires with tension banding, and intramedullary paired 0.045-in.K-wires [9] . These constructs were tested with cyclic four-point bending in an oblique metacarpal shaft fracture model. The dorsal plate with lag screw was reported as superior in all modes of testing. Plate fatigue life and peak load in bending was superior, followed by crossed K-wire tension banding and intramedullary K-wire fixation. Initial rigidity for the plate was superior to the K-wire constructs though there was no difference between intramedullary K-wires and the tension band construct. Another study compared the fixation of simulated transverse metacarpal fractures between dorsal plating with and without lag screws and various K-wire fixations in three-point bending. The plate constructs demonstrated significantly higher dorsal bending rigidity and peak loads while the various K-wire constructs all had similar biomechanical characteristics [4] . The findings of our study are consistent with prior literature in regard to peak load but differed in that the initial stiffness of our plated constructs were significantly lower than K-wires. The lower initial stiffness for the plate is likely due to the location of the transverse fracture at the physis, the use of locking screws, and the lack of an interfragmentary lag screw with the plate. As a result, some initial bone movement occurred before the plate firmly engaged but once fully engaged, allowed for a higher peak load before failing.
Compared to dorsal locking plate, lower peak loads of the sled is not surprising when taking into account the increased amount of hardware involved with plates. There is no literature to suggest that this level of fracture stability is necessary for healing and, in fact, the dissection necessary to implant this type of fixation may add significant morbidity. Facca and colleagues showed decreased mean relative range of motion of metacarpophalangeal flexion in plating, increased stiffness/ fibrosis, and rare metacarpal head necrosis [8] . Limiting soft tissue trauma should offer improved rehabilitation potential following metacarpal fixation as long as adequate stability is achieved. Prominent hardware is another drawback of the locking plate fixation and possibly causes extensor tendon damage [18] . Although the sled may appear prominent in the porcine metacarpal model, this has more to do with the shape of porcine metacarpals and the sled has a much lower profile on human metacarpals.
The sled construct, on the other hand, did provide equivalent fracture fixation for simulated metacarpal neck fractures as K-wires. Clinically, K-wire fixation is adequate to maintain fracture reduction during healing but has many disadvantages related primarily to its percutaneous nature. Botte et al. showed that 5 % of patients sustained major complications, 11 % sustained minor complications, and an additional 2 % of patients had both minor and major complications associated with K-wire fixation [5] . Hargreaves demonstrated that exposed K-wires have a higher infection risk than buried hardware [12] . Though K-wires can be cut and buried underneath the skin, Hsu et al. detected no difference in the incidence of infection between K-wires that were left exposed or buried beneath skin. Buried K-wires can be irritating to overlying soft tissue, can impinge on the extensor mechanism, and can puncture the skin and become exposed even when initially buried. In Hsu's review of 408 smooth pins, there was total of 14 % complication rate, mostly infection but includes pin loosening, migration, delayed wound healing, and drainage [14] . Other studies have also noted 17 % pin site infection risk and 3-4 % K-wire migration rates [14, 26] . The ultimate question is, of course, how much stability is necessary to ensure adequate healing of metacarpal fractures. Once this level of stability is determined, then strategies can be designed to achieve this goal as efficiently and with as little morbidity as possible. Most likely this "sweet spot" of stability is variable and depends on fracture patterns, soft tissue stripping, individual physiological differences, as well as the stresses placed on the healing fracture by protected and unprotected patient activities. We chose to compare the metacarpal sled to K-wire fixation and locking plate fixation based on the perception that K-wire fixation offered the least stability necessary to allow healing while locking plate fixation (also clinically effective) provided the opposite extreme of fixation strength. A recent meta-analysis comparing these two forms of fixation in 1375 patients noted the superiority of plate fixation but cited infection and stiffness (related to postoperative immobilization) as two main problems (rather than nonunion) with K-wire fixation [27] . Our biomechanical findings suggest that if K-wire fixation stability is sufficient to allow fracture healing, then the metacarpal sled should provide adequate stability while avoiding many of the problems associated with K-wire fixation.
There are limitations to this study. Similar to other in vitro biomechanical studies, surrounding soft tissue and in vivo healing behavior was not simulated. The three-point bending loads applied to the metacarpal neck were meant to mimic the most common deforming forces-flexion forces from intrinsic and extrinsic flexors as has been simulated in prior metacarpal fracture studies [7, 16, 17] . However, due to the location of the fracture and associated hardware, the metacarpal head could not be loaded directly dorsally. We selected to use transverse pin fixation to the metacarpal head and load the transverse pin instead. Transverse pin deflection was accounted for in our data analysis. A fulcrum or waist was also necessary to focus the applied forces to the hardwarebone interface (as opposed to the PMMA-bone interface). Additionally, this model did not access rotational stability though future studies could further characterize the biomechanical behavior in other modes of loading. Porcine metacarpals were used to approximate a human model and have been used in other metacarpal fracture studies [7, 16, 17] . Human cadaver specimens have drawbacks due to their diverse variation in bone density and quality. Sawbones are homogenous but may have the disadvantage of lacking some of the biologic variety that is found clinically. Fracture reduction was challenging with locking plates because the locking screws do not pull the plate to the bone in the manner of conventional screws [21] . The plate was not perfectly contoured to the metacarpal head. The unicortical locking screws in the metacarpal head were short, and longer screws may have increased the load to failure.
Based on this study, the sled construct is a fixation method for metacarpal neck fractures that provided at least a similar strength and rigidity profile to K-wire fixation. The sled offers limited dissection without exposed hardware or soft tissue tethering. Additional in vivo studies will be necessary to make definitive conclusions regarding clinical effectiveness.
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